In arid and semiarid environments, focused infiltration of rain and snowmelt water under topographic depressions is an important mechanism of groundwater recharge. Quantifying the aggregated recharge from numerous small depressions is a major challenge in water resource management. Building on field-based investigations into the surface water-groundwater interaction of individual depressions and their catchments (i.e., uplands) in the Canadian Prairies, we have developed a simple water balance model to simulate groundwater recharge considering the hydrological coupling of a depression-upland system. The model is based on the Versatile Soil Moisture Budget (VSMB), which has been widely used in the Canadian Prairies to simulate soil moisture conditions. We evaluated the new model, VSMB Depression-Upland System (VSMB-DUS), using field data consisting of an artificial flooding experiment and long-term monitoring of a depression in Alberta, Canada. The model captured surface water level, soil moisture, and groundwater responses to the artificial flooding with reasonable accuracy and represented the interannual variability of recharge fluxes during a 5-yr period (2007)(2008)(2009)(2010)(2011), including dry and wet years. Simulated annual recharge varied between 12 and 45 mm, and annual precipitation varied between 453 and 597 mm during the 5-yr period. The VSMB-DUS tends to over-or underestimate snowmelt runoff in individual years; however, simulated recharge was only slightly affected by the errors in snowmelt runoff estimation. Due to its computational efficiency and robust algorithms, the VSMB-DUS will provide a useful tool for estimating aggregated recharge in a large-scale model grid cell containing hundreds of depression-upland systems.
In arid and semiarid environments, focused infiltration of rain and snowmelt water under topographic depressions is an important mechanism of groundwater recharge. Quantifying the aggregated recharge from numerous small depressions is a major challenge in water resource management. Building on field-based investigations into the surface water-groundwater interaction of individual depressions and their catchments (i.e., uplands) in the Canadian Prairies, we have developed a simple water balance model to simulate groundwater recharge considering the hydrological coupling of a depression-upland system. The model is based on the Versatile Soil Moisture Budget (VSMB), which has been widely used in the Canadian Prairies to simulate soil moisture conditions. We evaluated the new model, VSMB Depression-Upland System (VSMB-DUS), using field data consisting of an artificial flooding experiment and long-term monitoring of a depression in Alberta, Canada. The model captured surface water level, soil moisture, and groundwater responses to the artificial flooding with reasonable accuracy and represented the interannual variability of recharge fluxes during a 5-yr period (2007) (2008) (2009) (2010) (2011) , including dry and wet years. Simulated annual recharge varied between 12 and 45 mm, and annual precipitation varied between 453 and 597 mm during the 5-yr period. The VSMB-DUS tends to over-or underestimate snowmelt runoff in individual years; however, simulated recharge was only slightly affected by the errors in snowmelt runoff estimation. Due to its computational efficiency and robust algorithms, the VSMB-DUS will provide a useful tool for estimating aggregated recharge in a large-scale model grid cell containing hundreds of depression-upland systems.
Abbreviations: DUS, Depression-Upland System; HY, hydrological year; PE, potential evaporation; TDR, time-domain reflectometry; VSMB, Versatile Soil Moisture Budget.
Understanding groundwater recharge processes and determining its rate has become increasingly important due to population growth and climate variability (Green et al., 2011; Taylor et al., 2013) . Depending on the balance between precipitation and evapotranspiration, groundwater recharge may be widely distributed over the landscape (i.e., diffuse recharge) in wetter environments or primarily focused under areas of excess water input (i.e., local recharge) in drier environments (de Vries and Simmers, 2002) . The difference between potential evaporation and precipitation, or atmospheric moisture deficit, is positive in semiarid to arid environments, which makes these environments increasingly vulnerable to the additional demands placed on their water resources (Scanlon et al., 2006) . In such environments, groundwater recharge will only occur if there is sufficient infiltration to overcome the moisture deficit. One mechanism for this to occur is as a localized recharge process whereby surface water runoff is routed within the landscape to topographically low areas, resulting in the formation of ephemeral and seasonal ponds (Hayashi et al., 2003) . These ponds are able to overcome the moisture deficit (if only temporarily), allowing infiltration of water, and may result in groundwater recharge. This type of process, termed "depression-focused recharge," is ubiquitous across semiarid and arid regions around the world. The Canadian Prairies is an example of a cold
Core Ideas
• Ephemeral ponds in depressions are the foci of groundwater recharge in the Canadian Prairies.
• Freeze-thaw processes influence snowmelt runoff and depressionfocused recharge.
• A new water balance model was developed to represent these processes.
• The water balance model successfully simulated the observed soil processes.
• This model will provide a tool to estimate recharge in the prairie landscape.
region where snow and frozen soil play a major role in hydrological processes (e.g., Gray et al., 2001) . The Canadian Prairies is part of the Northern Great Plains, which covers an area of 750,000 km 2 and is dotted by millions of topographic depressions of various sizes (Winter and Rosenberry, 1998) . Winter temperatures can drop to below −20°C, which causes the freezing of soil down to more than 1 m and reduces the soil infiltration capacity (Gray et al., 2001) . Spring snowmelt occurs prior to soil thawing and generates surface runoff over the frozen soil, which is subsequently routed into depressions. The pooled water within the depression starts to infiltrate as the underlying soil thaws, allowing a water-table mound to form under the depression, while the downward flow of groundwater to deeper zones is restricted by the low permeability of clay-rich glacial till (van der Kamp and Hayashi, 2009) . This leads to the lateral spread of shallow groundwater and the recharge of deeper groundwater over a much wider area (Hayashi et al., 1998a) .
Numerous studies have documented depression-focused recharge in the Northern Great Plains (e.g., Derby and Knighton, 2001; Hayashi et al., 1998a; Meyboom, 1967; Sharratt, 2001 ). Reported recharge rates in the Canadian Prairies vary from 1 to 45 mm yr −1 (Hayashi et al., 1998b) , likely reflecting the influence of the geological and geomorphological variability within the landscape (Berthold et al., 2004) . To characterize the spatial variability of depression-focused recharge and its response to land-use management and climate variability, it is imperative to develop a numerical model that captures the unique hydrological processes driving the recharge, including snow accumulation and melt, soil freezing and thawing, frozen soil infiltration, snowmelt runoff, and the lateral exchange of water between depressions and their catchments. To be used for a regional-scale (e.g., 10 3 -10 4 km 2 ) groundwater resource evaluation, such a model needs to have computationally effective algorithms suitable for simulating recharge for a very large number of depressions because a typical prairie landscape has a depression density on the order of 10 to 100 km −2 (e.g., Shaw et al., 2012b) .
There are three-dimensional numerical models solving coupled nonlinear flow equations for surface and subsurface water, including soil freezing thawing processes (e.g., GEOTop [Endrizzi et al., 2014] , HydroGeoSphere [Therrien et al., 2010] , SUTRA [Ge et al., 2011; McKenzie et al., 2007] , and Advanced Terrestrial Simulator [Atchley et al., 2015; Painter et al., 2016] ). These models may be suitable for simulating the aforementioned processes at a scale of individual depressions, but they are computationally intensive and hence are impractical for modeling a large number of depression-upland systems.
For regional-scale evaluation of groundwater resources and their responses to changes in land use and climate, simple onedimensional soil water balance models are commonly used to specify the surface boundary condition (i.e., recharge) for threedimensional groundwater flow models (e.g., Jyrkama and Sykes, 2007; Scibek and Allen, 2006) . The utility of such an approach has been demonstrated in temperate regions using existing soil water balance models. However, its application in cold regions dominated by depression-focused recharge, such as the Canadian Prairies, is limited by the lack of suitable soil water balance models incorporating the essential processes, including snowmelt runoff and infiltration in frozen soil and the strongly contrasting water balance between depressions and other areas.
To overcome this limitation, we selected a simple multilayer soil water balance model, the Versatile Soil Moisture Budget (VSMB; see below for model description) as the platform for the recharge model to provide spatially variable, transient recharge boundary conditions for groundwater flow models. The VSMB has been widely used to simulate soil moisture availability for crop management purposes in the Canadian Prairies and has been modified to represent snow and frozen soil processes more accurately (Mohammed et al., 2013) . Unlike the physically based models solving the nonlinear Richards equation, such as SHAW (Flerchinger and Saxton, 1989) , HYDRUS-1D (Hansson et al., 2004) , and COUP (Jansson and Karlberg, 2001 ), the VSMB is designed to calculate changes in soil moisture storage based on the balance among precipitation, evapotranspiration, and drainage. Depressionfocused recharge in the Canadian Prairies is mainly controlled by the spatial variability of soil water balance as described above; therefore, the water-balance approach is justified even though it may not rigorously represent detailed soil water dynamics.
The advantage of the water-balance approach over the Richards equation models is computational efficiency, especially for simulating snowmelt infiltration through partially frozen soil, which can cause numerical difficulties in the iterative solution of the Richards equation with additional nonlinearity associated with ice-liquid phase change and the dependence of soil matric potential on temperature. The numerical efficiency is critically important for the intended application, whereby recharge calculations must be made for a very large number of depression catchments over a long period (e.g., decades) for many combinations of topographic and land-use variables.
The objective of this study was to develop the VSMB further to include the interaction between topographic depressions and their contributing areas (i.e., uplands), thereby enabling the lateral transfer of runoff from uplands to depressions and the subsequent formation of ponds. We use the new model, called VSMB Depression-Upland System (VSMB-DUS), to estimate depressionfocused recharge by simulating the water balance of an individual depression in both summer and winter conditions and compare the water balance simulated by the VSMB-DUS with the soil moisture dynamics simulated by the more complex, physically based HYDRUS (2D/3D) model (Šimůnek et al., 2006) using the field data collected during an infiltration experiment. We also present an example of a large-scale application of the VSMB-DUS to estimate the aggregated recharge from hundreds of depressions within a typical grid cell (e.g., 6.25 km 2 ) of regional groundwater flow models and in so doing demonstrate that the VSMB-DUS is a viable building block for watershed-scale recharge estimation for water resource management purposes.
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VSMB for Uplands
The VSMB computes the water balance of multiple soil layers on a daily time step. It was originally developed by Baier and Robertson (1966) for the agricultural area of the Canadian Prairies and has undergone considerable improvements over the past 50 yr. Most notably, Akinremi et al. (1996) and Hayashi et al. (2010) improved the simulation of evapotranspiration, soil moisture dynamics, and rainfall runoff. Mohammed et al. (2013) enhanced the representation of winter processes by adding soil freezing and thawing algorithms based on energy balance and combining the VSMB with the Utah Energy Balance snow model (Tarboton and Luce, 1996; You, 2004) running on an hourly time step to calculate daily inputs of snowmelt fluxes. Although the detailed description of all VSMB model components is beyond the scope of this paper (see the aforementioned papers for details), a brief summary of salient algorithms is given below.
The VSMB divides a soil column into a number of layers (Fig. 1a) . Rainfall or snowmelt (computed by the Utah Energy Balance) is applied to the soil surface, and the amount of runoff is computed using the curve number method (NRCS, 2004) . Preliminary model simulations in the present study showed that the curve number method overestimated the amount and frequency of summer runoff events, which are relatively rare in this region, probably reflecting the fact that the curve number method is intended for estimating watershed-scale runoff, most of which is generated as saturation overland flow in localized source areas (Garen and Moore, 2005) . Therefore, we modified the runoff algorithm so that overland flow is generated only when the top layer becomes saturated.
After runoff (if any) is subtracted from the rainfall/snowmelt input, the remainder is added to the first soil layer, and the water balance is calculated from the amount of evapotranspiration determined by potential evaporation, soil water content, and plant growth stage. If the amount of soil moisture in the first layer exceeds the field capacity, then the excess amount is drained to the second layer, and the procedure is repeated for all layers within a daily time step. In addition, a relatively small amount of water is redistributed between neighboring layers based on the gradient of water content and the soil water diffusivity function (Fig. 1a) .
The soil heat flux between neighboring layers is calculated using the thermal conduction equation, with the conductivity and heat capacity determined by liquid and solid water contents (Mohammed et al., 2013) . Freezing and thawing of each layer is computed from the energy balance using a simple binary soil freezing characteristic function (Mohammed et al., 2013) representing the amount of residual liquid water in frozen soil. Advective heat flux between layers is not explicitly represented, but it is accounted for by freezing of the water infiltrating from a warmer (³0°C) upper layer to a lower layer under a subfreezing temperature, which releases latent heat.
When snowmelt water is added to the top soil layer that is frozen and unsaturated (i.e., the sum of liquid and solid water contents is less than porosity), no drainage to the second layer is allowed until saturation is reached. If the amount of water input is beyond the saturation limit, liquid water is drained to the next layer at a rate limited by a user-specified constant ( f lxm , m s −1 ), and the remaining excess water becomes runoff. The parameter f lxm represents the effects of preferential flow through large pore spaces in a rudimentary manner, even though it does not account for the complex exchange between high-flow and low-flow domains (Stähli et al., 1996) .
VSMB for Depressions
The water balances in a depression and its catchment (i.e., upland) are coupled using two VSMB models, each representing the soil column in the upland and the depression (Fig. 1) . The soil water balance of the upland area is calculated using the VSMB model as described above (referred to as the VSMB u component of the VSMB-DUS). The depression soil water balance model (VSMB d component of the VSMB-DUS) has a similar structure as the VSMB u but has an additional layer representing a pond forming in the depression above the first soil layer (Fig. 1b) . The area represented by VSMB d is equal to the area of the topographic depression (A d ). The area of the pond (A p ) within the depression is variable based on the water balance (see below). When the pond occupies only a fraction of the depression, the non-inundated part of the depression is treated as a riparian fringe (Fig. 1b) representing the vegetation that thrives on the margins of water bodies and maintains transpiration rates similar to open-water evaporation from the central pond (van der Kamp and Hayashi, 2009 ). The non-inundated part of the depression can also generate surface runoff, which is routed to the pond. Water is lost through evapotranspiration from the soil layers (ET), sublimation from snow cover (E s ), evaporation from the pond surface (E d ), overflow from the pond (O), and potential recharge upland (R u ) and depression (R d ) from both the upland and depression models. Gravity drainage (white arrows) and diffusion (thin arrows) of soil water are also shown.
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The top layer in VSMB d receives the surface runoff simulated by VSMB u in addition to direct input via precipitation and may generate surface runoff in the riparian fringe of depression (R off in Fig. 1 ). Surface ponding occurs when the volume of water entering the depression exceeds the infiltration capacity (i.e., gravity drainage and gradient-driven moisture diffusion) of the soil column. The variable area (A p ) and volume (V p ) of the ponded water is then estimated using the volume-area-depth (h) relationship developed for the Canadian Prairies (Hayashi and van der Kamp, 2000) :
where s is a scaling constant (m 2 ), p is a dimensionless parameter representing the overall shape (i.e., degree of concavity) of the depression, and h 0 is a unit depth (= 1 m). The maximum value of pond area (A pmax ) is reached when the pond water level rises to the spill point and excess water is allowed to leave the catchment as overflow (O) and is considered a loss of water from the pond. Further losses of water from the pond include direct evaporation from the ponded water surface (assumed to equal potential evapotranspiration) and infiltration to the underlying soil layer, which is distributed under the entire depression, including the riparian fringe (Fig. 1b) . When the storage of water in the pond becomes zero, the pond is removed from the system until it forms again from runoff and precipitation inputs. The top soil layer receives infiltrated water from the pond (if present); this is then redistributed within and between the soil layers. Unlike the upland situation, sustained infiltration from the pond may fully saturate the underlying layers. Under these saturated conditions, the vertical flux between soil layers is controlled by the saturated hydraulic conductivity (K s , mm d −1 ) of model layers, which puts the upper limit of drainage flux. This approach implicitly assumes a unit gradient condition, even though the actual hydraulic gradient may be smaller than one. Drainage from the deepest layer represents the amount available for groundwater recharge, similar to VSMB u . The flux from the deepest layer is restricted by a model parameter ( f bmax , mm d −1 ) representing the combined effects of the hydraulic gradient and the K s of the underlying clay-rich glacial till, which is usually much smaller than the K s of overlying soil layers having well-connected fracture networks (van der Kamp and Hayashi, 2009 ). Soil freezing-thawing and frozen soil infiltration in VSMB d are computed in the same manner as in VSMB u .
The sum of drainage from the bottom layer of VSMB u and VSMB d (R u and R d in Fig. 1 ) are considered groundwater recharge in this study. These values are multiplied by the areas of upland and depression and are then divided by the total area to calculate an area-averaged groundwater recharge for the depression-upland system.
Methodology

Field Methods
The field data used in this study were collected from a small depression called C24 located within an alfalfa field of the Spy Hill research area, northwest of Calgary, Alberta, Canada (51°10¢51¢¢ N, 114°13¢43¢¢ W) (Fig. 2) . The Spy Hill area represents a typical Canadian Prairies landscape containing numerous depressions. Depressions in the alfalfa field are flooded by snowmelt water in most years and hold surface water ponds for a few weeks to a few months depending on the meteorological conditions (Fig. 3) . The C24 depression is used in this study due to the availability of data from a carefully designed artificial flooding experiment as well as long-term data collection (van Dijk, 2005) .
The alfalfa field is underlain by ?10-m-thick glacial till, which is underlain by 30 m of gravel deposits, and then by interbedded sandstone and shale of the Paleocene Paskapoo Formation (van Dijk, 2005) . The soil has a clay loam texture and is classified as the Orthic Black Chernozem soil (Hayashi et al., 2010) . The climate in the region is characterized by long winters punctuated by mid-winter melt events followed by dry summers in which precipitation is exceeded by evapotranspiration (Hayashi and Farrow, 2014) . The normal average monthly temperature during 1981 to 2010 at the Calgary International Airport (15 km east of Spy Hill) was −7.1°C in January and 16.5°C in July (Environment Canada, 2018) . The 1981 to 2010 mean annual precipitation was 482 mm, of which 124 mm fell during the winter months of November to April (Mekis and Vincent, 2011) . Table 1 lists the characteristics of C24 and its catchment (upland) and the available data. During the flooding experiment in 2004, a meteorological station was set up in the central part of the depression (Fig. 2b) , equipped with an air temperature and humidity sensor (HMP45C, Vaisala), a wind sensor (05103, RM Young), a net radiometer (NR-Lite, Kip & Zonnen), and a tippingbucket rain gauge (TE525M, Texas Electronics), all connected to a datalogger (CR10X, Campbell Scientific) recording hourly average (or total for precipitation) values. For long-term (2006) (2007) (2008) (2009) (2010) (2011) simulations, the meteorological data from the Spy Hill weather station, located in a grassland 600 m south of C24, were used (for details, see Mohammed et al., 2013) . Estimates of snowmelt runoff were based on the volume of water within the depression during the spring months, assuming that all snowmelt runoff within the catchment is routed into the depression and that the initial filling of air-filled pore in the depression soil is negligible. Further information regarding data collection, soil characteristics, and hydraulic properties for the site can be found in Hayashi et al. (2010) and Mohammed et al. (2013) .
The C24 depression had a vertical array of time-domain reflectometry (TDR) probes at depths of 0.1, 0.3, 0.5, and 0.7 m to monitor soil volumetric water content at the center of the depression. Additional TDR probes were installed at a depth of 0.3 m in five other locations within the depression to assess the spatial variability of soil moisture. Pond water level was monitored using a pressure transducer (In-Situ, Mini-Troll). Daily runoff was then estimated from the change in volume of the pond water, direct precipitation input, and infiltration loss, which was estimated from the rate of steady night-time water level decline. A piezometer nest was installed in the depression, enabling monitoring of the responses of shallow groundwater (piezometer 4-3: 0.22-m-long screen at 3.0 m depth) and deeper groundwater (piezometer 4-6: 0.34-m-long screen at 6.4 m depth) to hydrological fluxes.
An artificial infiltration experiment was initiated on 3 June 2004 by adding 300 m 3 of water into the dry depression of C24 over a period of 13 h (van Dijk, 2005) . During the experiment, evaporation from the pond surface was estimated using a Class A evaporation pan (1.2 m in diameter) submerged in the pond. These data were used to estimate the dimensionless coefficient a in the Priestley and Taylor (1972) equation to calculate evaporation using available meteorological data (van Dijk, 2005) . Pond water level, groundwater, and soil water were monitored using the instruments described above. The data from this experiment were used to calibrate the VSMB d model.
Snowmelt runoff has a strong influence on depressionfocused recharge, but it is difficult to simulate snowmelt runoff accurately due to the complexity of the processes and the quality and/or resolution of data (Leavesley, 1989; Rango and Martinec, 1981) . Mohammed et al. (2013) tested the VSMB u model using the data collected from a grassland site in Spy Hill for simulation of winter processes, including snowmelt infiltration and runoff for the period of 2006 to 2009. They found that the simulated annual runoff was consistent with the observed runoff, with an RMSE of 3.5 mm and a mean bias error of 2.1 mm. However, the timing of runoff may strongly affect simulated recharge; therefore, a long-term data set (2006) (2007) (2008) (2009) (2010) (2011) was used to compare the difference in simulated recharge when using the observed runoff and the simulated runoff (VSMB u ) as an input to the VSMB d .
VSMB d Model Setup
The model is set up with five soil layers for VSMB d and six layers for VSMB u to align the elevation of bottom boundaries of the depression and upland (Fig. 1) . The VSMB uses root extraction coefficients to represent the vertical distribution of root uptake and an empirical function called drying curves to represent the reduction of root uptake with decrease in soil water content (Hayashi et al., 2010) . Reduction in root uptake due to saturation and anaerobic conditions is not currently included in the model. Table 2 lists soil water storage parameters, hydraulic conductivity, and root extraction coefficients for VSMB u and VSMB d . For the top three layers, volumetric water contents at field capacity (q FC ) and wilting point (q WP ) were taken from the values measured at the Spy Hill weather station (Hayashi et al., 2010) , and saturation water contents (q sat ) were determined by model calibration (see below). For Layers 4 and 5, q FC , q WP , and q sat were assumed to be the same as Layer 3 based on van Dijk (2005), who observed relatively uniform water contents in sediment samples collected from the 0.6-to 4-m depth range under C24. The K s value for Layer 1 was taken from the measured value at the weather station (Hayashi et al., 2010) and for Layers 4 and 5 were based on the piezometer slug test at 2.1 m depth under C24 (van Dijk, 2005 ). The K s values for Layers 2 and 3 were adjusted by calibration. With VSMB u , the sixth layer (2.0-4.0 m) had the same storage parameters as the fifth layer. The root extraction coefficients in Layer 1 were reduced in VSMB u and added to Layer 6. The VSMB u and VSMB d models in this study used the drying-curve parameters and root extraction coefficients for perennial grass at the Spy Hill site determined by Hayashi et al. (2010) because the parameters for alfalfa were not available, assuming that perennially grown alfalfa behaved similarly to grass.
Initial soil moisture conditions for the infiltration experiment used the observed soil water contents just before the experiment at depths coinciding with the center of Layers 1 to 4 to represent the average moisture content within the layer (Table 2) . Because there were no sensors below Layer 4, water contents for Layers 5 and 6 were assumed equal to Layer 4. Initial soil temperature (T) for each layer was determined by the average of observed temperature at the layer boundaries; this was applied to Layers 1 to 3. The T for Layer 4 (0.8-1.2 m) was assigned using the observed T at 1.0 m. The initial temperature condition for the deeper layers was estimated by linearly extrapolating the temperature gradient between Layers 3 and 4 (Table 2) . For longer term model simulations, a hydrological year in this study starts on 1 November, roughly coinciding with the start of soil freezing (Hayashi and Farrow, 2014) , and ends on 31 October. No observed soil moisture and temperature data were available in C24 to initialize the model for the long-term (2006-2011) simulation. Therefore, a model spin-up approach was used to initialize the model, in which a 10-yr meteorological data set was generated by duplicating the data for the 5-yr period of November 2006 to October 2011. Soil moisture, soil temperature, and frozen water content for all model layers and pond water level at the end of the 5-yr spin-up period where used to initialize the model run for the next 5 yr.
A trial-and-error calibration approach (for the VSMB d ) was used for the infiltration experiment simulation, whereby some of the soil water storage parameters and hydraulic conductivity (see above) and maximum allowable flux out of the bottom ( f bmax ) of the soil column were adjusted to capture observed pond level and soil moisture response.
HYDRUS Model Setup
The C24 infiltration experiment was also simulated using the HYDRUS-2D model (Šimůnek et al., 2006) to compare the water balance results of VSMB d to the physically based model that solves the Richards equation. The catchment was represented by a two-dimensional axisymmetric cross-section having an equivalent radius (R c ) calculated from the area (A c ) and perimeter (P c ) of the catchment as R c = 2A c /P c . The left side of the domain is the axis of symmetry at the center of the depression, the right side the catchment boundary, and the bottom of the domain represents the base of the glacial till layer (Fig. 4) . The ground surface elevation profile of the depression portion of the domain was calculated using the area-depth relationship in Eq.
[1] and [2] , and the elevation profile for the upland portion was calculated using the average slope of the catchment (Fig. 2) .
The two side boundaries were assigned no-flow conditions. At the bottom, a constant pressure head of 7 m was specified based on field observations of the long-term water table depth beneath C24. Along the ground surface of the upland portion of the domain, an "atmospheric" boundary condition was set, using measurements of Table 2 . Soil hydraulic conductivity (K s ), water storage, and hydraulic parameters and root extraction coefficients used in the VSMB d and VSMB u models and initial unfrozen water content (q u ) and temperature conditions (T i ) used in VSMB d for the infiltration experiment. Soil parameters include volumetric water content at saturation (q sat ), field capacity (q FW ), and wilting point (q WP ). Alfalfa has three growth stages, with different root extraction coefficients (r 1 -r 3 ). Note: the parameters for Layer 6 in VSMB u are equal to Layer 5 except for root extraction coefficients. precipitation minus potential evaporation (PE). The atmospheric boundary condition changes from a specified flux to a specified head depending on soil moisture conditions. A specified flux is imposed along the upper boundary while the pressure head value is between the wilting point and saturation (= 0), and a specified head is imposed when it reaches these extreme values. The fluid flux across this interface is controlled by precipitation and actual evapotranspiration, which is dependent on PE and pressure head. Actual evapotranspiration is equal to PE until pressure head reaches the wilting point and the boundary condition switches to the specified head. After that the actual flux is calculated based on the hydraulic gradient. Daily precipitation measured at the weather station and daily PE calculated by VSMB u using measured radiation and air temperature data were applied along this boundary. HYDRUS-2D is not capable of fully coupled simulations, in which the pond depth and area change according to the amount of infiltration. Instead, a time-varying pressure head boundary was specified using the observed area and depth of the pond during the infiltration experiment, and the pressure heads of inundated nodes were adjusted based on the depression bathymetry relative to the center of the depression. As the pond area decreased, exposed nodes switched from the specified head to the specified flux condition applied to the rest of the catchment.
The domain consisted of seven layers having different soil hydraulic properties consistent with the VSMB parameters (Table  3) . Soil water retention characteristics and relative hydraulic conductivities were described using the equations of van Genuchten (1980) with the coefficients reported by Hayashi et al. (2010) at the same study site. Vertical node spacing between elements varied from ?0.05 m at the ground surface to 1.7 m close the base of domain, and horizontal node spacing varied from ?0.10 to 1.9 m, resulting in 5577 nodes and 10,591 elements. The model was initialized with a flat water table 7 m above the bottom of the model domain or 3 m below the center of the depression. Volumetric soil water content was set to 0.24 at the top of the upland and linearly increased with depth to the water table. The model was then run from the beginning of the flooding experiment to the end of September.
Results
Infi ltration Experiment
The calibrated VSMD d model showed a transition of K s from the high value in the top layer to much lower values in deeper layers (Table 2) , reflecting the effects of the decreasing frequency of fractures with depth commonly observed in the Canadian Prairies (e.g., van der Kamp and Hayashi, 2009 ). The calibrated value of the maximum allowable flux out of the soil column ( f bmax ) was 3 mm d −1 . These values of K s and f bmax enabled the calibrated VSMB d model to capture the observed pond water level (Fig. 5a ) with an RMSE of 0.029 m and a Nash-Sutcliffe efficiency of 0.782 (Table 4) .
Infiltration of the pond water saturated the underlying soil layers in the VSMB d model (Fig. 5b) , which is sustained while the pond is present. Subsequent drying of the soil layers appeared to occur at a greater rate than was observed by the TDR sensors within the pond, particularly at greater depths (e.g., at 0.5 m) (Fig.  5b) . The difference in soil moisture content may be a result of comparing point observation data to simulated layer averages, which do not account for spatial variability. This was seen in the observed range of soil moisture at 0.3 m depth measured with six sensors distributed within the pond, where the simulated soil moisture fell within the observed soil moisture range with an RMSE of 0.033 and mean bias of −0.0001 (Table 4 ). The observed vertical soil moisture distribution was reproduced in the simulated VSMB d soil layers, where the deeper layers retained a higher soil moisture content than the surface layer (Layer 1) when ponding ceased.
The duration of the drainage process in the VSMB d was sensitive to f bmax as indicated by its influence on changes in pond water level (Fig. 6a) and the cumulative recharge amount up to 30 September (Fig. 6b) . By that time the recharge process must be complete based on the recession of the hydraulic head (Fig. 5d) . Compared with the calibrated f bmax of 3 mm d −1 , lower values resulted in an unrealistically long duration of ponding, showing that the lower limit of f bmax is well constrained by the calibration. The recharge process in low-f bmax cases was not complete by 30 September, and cumulative recharge was substantially smaller than the calibrated value of 28.7 mm (Fig. 6b) . In contrast, recharge for high-f bmax cases was complete by 30 September, and cumulative values were similar to the calibrated value. Therefore, the total recharge over the season is not sensitive to f bmax as long as it is within a reasonable range. The ability of the VSMB d model to simulate soil water contents using a simple water balance approach is compared with the HYDRUS-2D model that directly solves the Richards equation using nonlinear iterations. The HYDRUS-2D model captured the observed soil moisture response with RMSE (except at 0.3-m depth) and Nash-Sutcliffe efficiency comparable to the VSMB d model ( Table 4 ), suggesting that the performance of VSMB d is comparable to HYDRUS-2D despite its simplicity.
The shallow piezometer 4-3 was screened at depths of 2.04 to 2.26 m, just below the lower boundary of the VDMB d model.
The timing of the rise in hydraulic head in piezometer 4-3 was concurrent with the increase in soil water content of Layer 5 of the VSMB d model (1.2-2.0 m), indicating a reasonable match between the simulated and the observed infiltration process (Fig.  5c ). The simulated hydraulic response (at 3 m depth) from the HYDRUS-2D model was also reasonably similar to the observed values (Fig. 5c) .
Drainage from the VSMB d model (i.e., recharge) ( Fig. 5d ) began 1 d after the experiment started, coinciding with the rise in groundwater level (Fig. 5c) , and ceased when the soil moisture content in Layer 5 had dropped from saturation (0.44) to field capacity (0.38). The simulated cumulative recharge for the HYDRUS-2D model was 28.7 mm, which was close to the VSMB d value of 28.0 mm, indicating that the results of the simple VSMB d model (simulation time of 5 s on a desktop computer) are consistent with the more complex HYDRUS-2D model (simulation time of 220 s on the same computer).
VSMB d Simulation Forced by Observed Runoff
The ability of the VSMB d to simulate the depression response during spring snowmelt events, when the subsurface remains partially frozen, was investigated using the observed runoff data as the runoff from the upland into the depression in model simulations. Figure 7 shows the output of the VSMB d model for the hydrological year (HY) (November 2006 -October 2007 . Total precipitation during November-March in this winter (108 mm) was higher than average normal precipitation at the Calgary International Airport: 60 mm). The high winter precipitation and the corresponding snowmelt in spring 2007 sustained ponded water in C24 for almost the entire month of March (Fig.  7a) . The model captures the initial rise in pond level and its decline (Fig. 7a) . The observed duration of ponding was 25 d (7-31 March), whereas the simulated duration of ponding was 18 d (7-25 March).
Changes in pond level during the period 7 to 31 March were strongly linked to infiltration rather than to evaporation from the pond surface, which was relatively small over this period (0.6 mm Table 4 . The root mean squared error (RMSE), mean bias error, and Nash-Sutcliffe efficiency for the calibrated VSMB d and HYDRUS models for the infiltration experiment. (Fig. 7a) . The stable recession rate during the first period was not exactly reproduced in the simulated pond level; however, the timing of transition from the low to the high recession rate around 20 March was captured, and the simulated recession rate during the second period (27 ± 19 mm d −1 ) was comparable to the observed rate. Simulated unfrozen water content (Fig. 7b ) and soil temperature (Fig. 7c) indicated a rapid infiltration of pond water through partially frozen soil during the second period. The rise in groundwater level in piezometer 4-3 (Fig. 7e) coincided with the timing of the simulated recharge (Fig. 7d) . Groundwater levels in piezometer 4-3 began to decline on 15 June, and simulated recharge fell from 0.5 mm d −1 on 17 March to 7 July to 0 mm d −1 on 9 July. The following year (HY 2008) was considerably drier than 2007, with evapotranspiration exceeding precipitation by 32 mm (Table 5) . No pond formed in C24 in this year (Fig. 8a) . However, a rise in the water table was observed in June, indicating that infiltration and recharge occurred (Fig. 8e) . The simulated recharge commenced on 25 May, well before the rise of water level in piezometer 4-3 on 12 June. Piezometer 4-3 was dry on 5 June, indicating that the water table was deeper than 3 m. No data were available between 5 and 12 June, preventing exact estimates of the actual water table response.
The potential for recharge to occur in HY 2008 was likely controlled by the soil moisture conditions at the end of the previous year. Figure 8b shows that simulated soil water contents in November 2007 (prior to soil freezing) were at or just below the field capacity for all layers. This had a considerable impact on the subsurface processes during the spring snowmelt and thaw. The VSMB d model simulated three ponding events in April and May (Fig. 8a) due to the high total (i.e., frozen and unfrozen) water content limiting infiltration and resulting in saturation overland flow into the depression. During May, Layers 1 to 3 began to thaw (as indicated by simulated temperatures above 0°C in Fig. 8c ), allowing the soil water to drain vertically and thereby enabling recharge to occur. A number of rainfall events in May and June (Fig. 8a) also contributed to the model maintaining relatively high soil water content (Fig. 8b) . Recharge ceased in the beginning of July when evapotranspiration became a dominant process of water removal from the model.
Hydrolical Years 2009 and 2010 were the two driest years during the study period (Table 5) , and both years had lower simulated recharge than other years (Table 6 ). In HY 2011, snowmelt runoff in late March and April flooded the depression, with observation data showing the presence of a pond from 16 March to 13 April. However, the simulation only showed intermittent ponding during this period (Fig. 9a) , possibly due to snowmelt runoff infiltrating the top model layers at a faster rate than was observed in the field. This then refroze without increasing unfrozen water content (Fig. 9b) while the soil remained frozen (Fig. 9c) . The timing of recharge (Fig. 9d) for HY 2011 coincided with the observed rise in the water table (Fig. 9e) .
VSMB-DUS Coupled Simulation
The next step in this investigation was to evaluate the ability of the coupled VSMB-DUS model to simulate both upland processes, including snowmelt runoff generation and depression processes. Accurate simulation of snowmelt runoff over frozen soil has been considered difficult by many researchers due to the complex feedback between the energy and water transfer processes (Coles and McDonnell, 2018) . The total amount of snowmelt runoff simulated by the VSDM-DUS in 5 yr was reasonably close to observed values. The best match was obtained when f lxm = 11 mm d −1 was used to represent macropore flow through frozen saturated soil (Table 6 ). Forced with the simulated upland runoff, the average recharge simulated by VSMB-DUS was 25 mm yr −1 (Table 6) , which was comparable to the average recharge simulated by the VSMB d (25.4 mm yr −1 ) forced with observed runoff even though the runoff amounts were different (Table 6 ). This suggests that, although accurate simulation of snowmelt runoff is important, the primary factor controlling recharge is the total amount of water input by snowmelt runoff and growing-season precipitation (Hayashi and Farrow, 2014 ).
Example of Large-Scale Application
To demonstrate the potential of the VSMB-DUS in estimating aggregate recharge from many depressions within a typical grid cell of regional groundwater models, it was applied to two Fig. 6 . Sensitivity of (a) simulated pond water level (H p ), where gray bars and solid circles indicate observed daily precipitation and pond water level, respectively, and (b) cumulative recharge to changes in the parameter f bmax limiting the drainage flux from the bottom soil layer. Table 5 . Total precipitation and evapotranspiration at the Spy Hill site for the hydrological years 2007 to 2011 taken from Hayashi and Farrow (2014) . No evapotranspiration data were available for 2007 due to equipment repair and replacement. representative areas within the West Nose Creek watershed adjacent to the Spy Hill site (Fig. 1) . The watershed has a gross drainage area of 250 km 2 and contains thousands of small topographic depressions delineated by the analysis of 1-m resolution digital elevation model (Fig. 10a) . Topographic parameters of the depressions (e.g., maximum ponded area, catchment area, and depression geometry parameters s and p in Eq.
[1] and [2]) were obtained through the digital elevation model analysis similar to previous studies at other prairie sites (Huang et al., 2011) . This produces a mosaic of topographic depression catchments within a grid cell (Fig. 10b) . To demonstrate the influence of topographic parameters on recharge, the C24 soil parameters (Table 2) and Spy Hill meteorological data from 2006 to 2011 were used in all simulations.
The simulated 5-yr average recharge rates had a large variability among individual depressions (Fig. 10c) , indicating the strong influence of topographic parameters. The aggregate average recharge was 14 mm yr −1 for the first cell and 12 mm yr −1 for the second cell. These rates are comparable to the estimated recharge based on the West Nose Creek baseflow of 15 to 18 mm yr −1 for 2007 to 2013 (Hayashi and Farrow, 2014) . Although these examples do not consider the spatial variability in other important factors (e.g., land use, surficial geology, soil), they demonstrate the usefulness of the computationally efficient VSMB-DUS in estimating recharge from a large number of depressions.
Discussion
The variable pond area within the depression strongly influences the simulated pond response to precipitation input. Spring rainfall events provide water inputs to the pond by two mechanisms: (i) direct rainfall and (ii) surface and subsurface runoff from the riparian fringe or noninundated area of the depression. Direct rainfall input is controlled by the surface area of the pond, whereas p. 12 of 14 runoff input is dependent on the wetness of the soil layer in the riparian fringe. The pond is always surrounded by a ring-like area where the top of the capillary fringe is close to the surface, which readily generates runoff during storm events when the soil becomes saturated (e.g., Gerla, 1992; Hayashi et al., 1998a ) by a combination of saturation overland flow and subsurface storm flow (Dunne and Leopold, 1978) . In the VSMB d , soil water content in the first layer is averaged over the entire depression regardless of the pond area, representing the lateral transfer of subsurface water from the riparian fringe to the pond during a storm and the opposite direction during the period of evapotranspiration from the riparian fringe. Despite its simplicity, redistribution of soil water in the first layer of VSMB d reflects the well-known influence of the riparian fringe to laterally redistribute soil moisture to meet evapotranspiration demands (Hayashi et al., 1998b; Parsons et al., 2004) .
The VSMB-DUS treats the depression and upland as two discrete components having fixed areas within a catchment. However, the size and abundance of depression ponds vary greatly from year to year (Seekell et al., 2013; Zhang et al., 2012) , meaning that the upland-depression boundary cannot be precisely defined from aerial images based on vegetation zoning or flooded area. Should the depression area be based on data from an average (or below) rainfall/runoff year, the depressions capacity will be underestimated. Therefore, in the event of a year with extremely high precipitation (i.e., deluge), the model would discard the excess water from the system even though the depression may be able to accommodate more water before the topographically defined overflow level is reached. This may cause a negative bias in simulated groundwater recharge. An approach to minimize bias would be to use terrain analysis to obtain an unbiased estimate of the maximum depression surface area using high-resolution elevation data (Li et al., 2011; Shaw et al., 2012a) , such as in the example in Fig. 10 .
The current implementation of the VSMB-DUS assumes that all snowmelt runoff from the upland is routed to a single topographic depression, which will overflow once the water volume within the depression exceeds its maximum storage capacity. Overflow is assumed to discharge into a stream or river in close proximity to the depression. However, it is widely acknowledged that depressions tend to form fill-spill networks, where overflow from one depression feeds an adjacent depression (Shaw et al., 2012b; Shook et al., 2013) , resulting in the dynamic depression storage capacity over a large area (Mekonnen et al., 2016; Shook and Pomeroy, 2011) . The primary interest of these previous studies was the effects on depression storage on stream hydrographs rather than depression-focused groundwater recharge. A potential avenue for improving the VSMB-DUS should be to include a similar approach to assess groundwater recharge considering fill-spill processes involving multiple depressions.
Conclusions
Estimation of depression-focused recharge is a challenging but important step toward groundwater resources evaluation in the Canadian Prairies. Building on previous efforts to identify and quantify the important processes and fluxes in the field, we have developed a relatively simple model to simulate groundwater recharge considering the interaction between a depression and its catchment (i.e., upland). We modified the VSMB model to couple the water balances of the DUS. The model simulation of an infiltration experiment was consistent with observed data and with the simulation results by the more complex and physically based HYDRUS-2D model, providing a confidence in the ability of the VSMB-DUS, although some issues were highlighted, such as (i) the proper representation of soil drying processes and freeze-thaw processes and (ii) the need for model calibration with respect to key parameters (e.g., the parameter limiting the drainage from the bottom of the saturated soil column).
The ability of the VSMB-DUS to simulate both summer and winter conditions was evaluated using meteorological and observed runoff data for a 5-yr period that included dry and wet years. Although the VSMB-DUS is unable to accurately reproduce the observed snowmelt runoff for individual years, the discrepancy in snowmelt runoff did not have a large impact on the simulated recharge. The simplicity and computational efficiency of the VSMB-DUS makes it an effective tool for estimating aggregate recharge from a large number of depressions, as demonstrated in an example from the West Nose Creek watershed. Although further development is needed to account for the spatial variability in land use, soil, and other factors, the model has the potential to serve as a useful tool for groundwater resource management.
